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Abstract
We revisit the issue of the limit on the scale of Left-Right symmetry breaking. We
focus on the minimal SU(2)L×SU(2)R×U(1)B−L gauge theory with the seesaw mechanism
and discuss the two possibilities of defining Left-Right symmetry as parity or charge con-
jugation. In the commonly adopted case of parity, we perform a complete numerical study
of the quark mass matrices and the associated left and right mixing matrices without any
assumptions usually made in the literature about the ratio of vacuum expectation values.
We find that the usual lower limit on the mass of the right-handed gauge boson from the
K mass difference, MWR > 2.5 TeV, is subject to a possible small reduction due to the dif-
ference between right and left Cabibbo angles. In the case of charge conjugation the limit
on MWR is somewhat more robust. However, the more severe bounds from CP-violating
observables are absent in this case. In fact, the free phases can also resolve the present
mild discrepancy between the Standard Model and CP-violation in the B-sector. Thus,
even in the minimal case, both charged and neutral gauge bosons may be accessible at the
Large Hadron Collider with spectacular signatures of lepton number violation.
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1 Introduction
The most striking and probably the least appealing signature of the standard model (SM) is a
complete asymmetry between left and right. This is simply a reflection of the chiral structure
of weak interactions, a feature that sets it apart from the rest of the forces in nature and a
feature that has been puzzling us for more than a half a century. It is interesting to note that
in the original work on the breakdown of parity [1], Lee and Yang discussed at length the
possibility of restoring parity at high energies, through the existence of mirror fermions.
An alternative is provided by Left-Right (LR) symmetric theories, where the standard weak
interactions remain chiral, but a W boson of the SM obtains its mirror-like twin. In simple
terms, instead of mirror fermions one has here mirror gauge bosons. This is certainly more
economical, for instead of doubling the whole fermion spectrum, one only doubles the weak
(charged and neutral) gauge bosons. The minimal L-R symmetric model [2, 3] is thus based
on the gauge group SU(2)L × SU(2)R ×U(1)B−L, completed by a symmetry between the two
gauge SU(2) groups. This LR symmetry is then shown to be broken spontaneously [3].
The choice of LR symmetry is twofold: (i) a generalized parity P and (ii) a generalized
charge conjugation C. The case (i) of P was used originally and is commonly adopted, but
the case (ii) of C should be considered equally, if not more, motivated for being an automatic
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gauge symmetry in the SO(10) grand unified theory. Either of these discrete symmetries plays
an important role in relating the couplings of the theory, especially the Yukawa ones. In the
former case the Yukawa matrices are hermitian while in the latter case they become symmetric.
This brings important restrictions on the pattern of the left and right quark and lepton mixing
matrices.
We carefully study both cases. Our principal interest and the central aspect of this paper
is to determine the precise lower limit on the Left-Right symmetric scale in these minimal
models, conventionally identified with the mass of the right-handed charged gauge boson WR.
In fact, while a high scale of restoration of Left-Right symmetry fits well within the framework
of grand unification and neutrino masses [4] this scale may be as low as TeV and thus can
be very interesting in view of the forthcoming experimental probe of the TeV energy range at
the Large Hadron Collider (LHC). Since clearly WR cannot be arbitrarily light, in view of the
chiral nature of the SM, it is crucial to know what the precise limit on it mass is and whether
it is truly accessible at the LHC.
The strongest limit on MWR comes from the neutral K-meson system, which together with
the B-system was the subject of a dedicated effort, starting from the original work [5], over the
last thirty years [6, 7, 8, 9, 10, 11, 12, 13]. The lower bound depends crucially on the analog
of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix in the Right sector, VR. It was in
fact realized [14] that in non-minimal models, where VR may be very different from the CKM
matrix, the bounds can be relaxed and MWR is only limited by direct searches.
In minimal models on the other hand where the left and right CKM matrices are related,
there is a lower bound in the TeV range. For instance, for equal mixing angles, the original
bound MWR > 1.6 TeV from the KL-KS mass difference [5] has grown over the years to
MWR > 2.5 TeV [15, 12]. In the minimal model the masses of the neutral and charged heavy
gauge bosons are connected as MZR ' 1.7MWR and thus MZR > 4 TeV. Although quite large,
these values are still compatible with the LHC discovery of the LR symmetry, as we discuss in
section 4.1.
It was further argued that the bounds from CP-violating observables are much stronger [12]
and would push the WR scale beyond the LHC reach. These bounds disappear completely in
the case (ii) with Left-Right symmetry as charge conjugation C. This is the central new result
of our paper and will be discussed at length. It can provide a strong impetus to consider C as
an underlying LR symmetry.
In the case of parity being LR symmetry, it is still important to assess the magnitude of
the right mixing angles and phases, in order to know how robust the limits are. Lowering them
could be essential in the early stage of LHC, before one reaches the planned energy of 14 TeV.
This requires a complete study of the quark mass matrices without making any assumptions
on the relevant vacuum expectation values (VEV) as normally done in the literature. This is
what we have done in the conventional case of P as a LR symmetry. Our study shows that
indeed the left and right mixing matrices are not necessarily the same, and the bounds cited
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in the literature [12] can be lowered by 10–20% (at best) exploiting the uncertainties in quark
masses and mixing angles.
As we will discuss throughout our paper, the only true phenomenological limit on the LR
scale in the minimal theory is MWR & 2–3 TeV, as long as LR symmetry is chosen to be charge
conjugation. The scale of LR symmetry restoration is thus perfectly accessible at LHC, even
in the early stage. As envisioned in [16], it would have spectacular signatures of lepton-number
violation in the form of same-sign dileptons and it could in principle allow the determination
of both the WR and right-handed neutrino mass.
The paper is organized as follows, in section 2 we define the minimal models. The main
section of our paper is 3, where we offer an in-depth analysis of left and right CKM matrices
and where we derive the bounds on the LR scale. In section 4 we discuss the LHC reach
and briefly comment on the neutrinoless double beta decay (0νββ) as well as lepton flavour
violation (LFV). Finally in section 5 we give our conclusions and outlook. The technical details
are left for the Appendix.
2 LR Models: P vs C
The minimal L-R symmetric theory is based on the following gauge group (suppressing colour):
GLR = SU(2)L × SU(2)R × U(1)B−L ,
plus a symmetry between the left and right sectors. Quarks and leptons are completely LR
symmetric
QL,R =
(
u
d
)
L,R
, `L,R =
(
ν
e
)
L,R
. (1)
The formula for the electromagnetic charge becomes
Qem = I3L + I3R +
B − L
2
. (2)
The Higgs sector consists of the following multiplets [17]: the bi-doublet Φ ∈ (2L, 2R, 0)
and the SU(2)L,R triplets ∆L ∈ (3L, 1R, 2) and ∆R ∈ (1L, 3R, 2), according to the SU(2)L ×
SU(2)R × U(1)B−L quantum numbers
Φ =
[
φ01 φ
+
2
φ−1 φ
0
2
]
∆L,R =
[
∆+/
√
2 ∆++
∆0 −∆+/√2
]
L,R
(3)
It can be shown that the first stage of the breaking of the GLR down to the SM model
symmetry, takes the following form [17]
〈∆L〉 = 0 , 〈∆R〉 =
[
0 0
vR 0
]
(4)
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At the next stage, the neutral components Φ develop a VEV and break the SM symmetry
down to U(1)em
〈Φ〉 =
[
v1 0
0 v2 eiα
]
(5)
where v1,2 are real and positive, M2W = g
2v2 ≡ g2(v21 + v22) and g ≡ gL = gR denote the SU(2)
gauge couplings. In turn, ∆L develops a tiny VEV 〈∆L〉 ∝ v2/vR.
Gauge bosons. The gauge boson masses are given by
M2WR ' g2 v2R (6)
M2ZR ' 2(g2 + g2B−L) v2R =
2g2
g2 − g2Y
M2WR ' 3M2WR , (7)
where we used the relation g−2Y = g
−2 + g−2B−L among gY and gB−L, respectively the gauge
couplings of Y/2 and (B−L)/2. In other words, MZR ' 1.7MWR and the limit on WR becomes
even more important if one wishes to discover also ZR at LHC.
In the above, we neglected the mixing among left and right gauge bosons which comes
from the product of the VEVs v1 and v2. Although in general these mixings could play an
important role, for very large LR scale they obviously become secondary or irrelevant. In
other words this will be justified by the largeness of the LR scale which will emerge from the
phenomenological analysis. In fact, it is also worth pointing out that for the same reason
the phenomenological limits on the WL-WR mixing do not require anymore the smallness of
the VEV ratio v1/v2. When necessary we will nevertheless consider also this tiny mixing and
comment on its consequences.
Yukawa sector. We will be mostly interested in the quark mixing matrices, crucial for the
study of K and B meson systems. The quark Yukawa interaction is
LY = QL(Y Φ + Y˜ Φ˜)QR + h.c. , (8)
where Φ˜ ≡ σ2Φ∗σ2 and we suppress the generation indices. The quark mass matrices are then
Mu = v (Y c+ Y˜ s e−iα)
Md = v (Y s eiα + Y˜ c) , (9)
where s = v2/v, c = v1/v, and below it will be convenient to use x = v2/v1, with 0 < x < 1.
As usual one diagonalizes the mass matrices
Mu = UuLmu U
†
uR , Md = UdLmd U
†
dR , (10)
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with the net result of flavour changing charged weak interactions
LCC = g√
2
WµL (u¯ c¯ t¯)
L
VLγµ
ds
b

L
+WµR
(
u¯ c¯ t¯
)
R
VRγµ
ds
b

R
+ h.c. , (11)
where VL = U
†
uLUdL = V
CKM
L is the CKM matrix in the canonical form, and VR = U
†
uLUdL its
right-handed analogue, which has in principle different angles and five extra phases. We can
extract the extra phases from VR and write it as
VR = Ku V CKMR Kd , (12)
where now V CKMR is the analogue of V
CKM
L and Ku,d are diagonal matrices of phases
Ku = diag(eiθu , eiθc , eiθt) , Kd = diag(eiθd , eiθs , eiθb) , (13)
and one linear combination can be set to zero.
Heavy Higgs. In the quark sector only the bidoublet matters. It contains two SU(2)L
doublets and its form is in general messy. While one doublet must be made light (at the weak
scale) the other gets a large mass proportional to the LR breaking scale. The reason why it
must be heavy is its neutral flavour violating interactions. As it is known, these force its mass
to be even higher than mWR and thus it can be considered as a degenerate multiplet of SU(2)L,
since its mass split is of order of the weak scale. This simplifies the form of its interactions,
which can be written as
LH = Q¯L
[
Md − 2cse−iαMu√
2v(c2 − s2)
]
HuR + Q¯L
[
Mu − 2cseiαMd√
2v(c2 − s2)
]
H˜dR + h.c. (14)
where H is the heavy doublet. Its neutral component mediates FCNCs via the above couplings.
Therefore, the dangerous FCNC coupling for ‘down’ quarks stem from the mass matrix of the
‘up’ quarks, and vice-versa. It is also worth noting that one can not have enhancements from the
denominators, by the requirement of having perturbative Yukawa couplings (the ratio s/c = x
should not exceed ∼ 0.8). The interesting FCNC part can then be written conveniently in the
mass basis as
LFCNCH '
g
2MWL
[
u¯L
(
VLmd V
†
R
)
uRH0 + d¯L
(
V †Lmu VR
)
dRH
∗
0
]
+ h.c. (15)
where H0 is the canonically normalized (complex) neutral component of H.
It will be useful for later purpose to be more specific regarding the heavy Higgs mass:
m2H = λHv
2
R where λH is an appropriate quartic coupling in the Higgs potential (see table
I in [12]). We will ask from the theory to remain perturbative, analogously to the Higgs
perturbativity limit in the SM, Mh < 10MW ' 800 GeV. In the LR model, in the absence of a
precise analogous assessment in the LR model we will stick to a similar bound, MH < 10MWR .
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LR symmetries. The pattern of mass matrices depends on the kind of Left-Right symmetry
imposed on the model in the high-energy, symmetric phase. It is easy to verify that the only
realistic discrete symmetries exchanging the left and right sectors, preserving the kinetic terms
are1
P :
{
QL ↔ QR
Φ→ Φ† C :
{
QL ↔ (QR)c
Φ→ ΦT (16)
where (QR)c = Cγ0Q∗R is the charge-conjugate spinor.
The names of P and C are motivated by the fact that they are directly related to parity and
charge conjugation supplemented by the exchange of the left and right SU(2) gauge groups, as
is evident from (16).
Note that (QR)c is a spinor of left chirality like QL, and thus C has an important advantage:
since it involves the spinors with same final chirality, it can be gauged, i.e. it allows to have
this symmetry embedded in a local gauge symmetry. In fact, in the SO(10) grand unified
theory C is a finite gauge transformation. The gauging is not only an aesthetic advantage, it
guarantees the protection from unknown high energy physics, gravitational effects, etc.
In spite of this, the simpler case of P was the main subject of past investigations [2],
probably for historical reasons since the original papers used it. The case of C on the other
hand was not extensively studied, at least not in the context of phenomenology. For this reason
we devote careful attention to this case too.
The LR symmetries P or C pose nontrivial restrictions on the mass matrices Mu, Md. In
fact, the Yukawa term is invariant under either symmetry provided the Yukawa matrices are
respectively hermitian or symmetric:
P : Y = Y † , C : Y = Y T . (17)
Case of P. Here, even if the Yukawa matrices are hermitian, the quark masses in general are
not, due to the ’spontaneous’ phase α. This phase, as one can see in equation (9), is effectively
suppressed by v2/v1. Therefore in the limit of vanishing α or v2/v1 the quark mass matrices
become hermitian and
P : VR ' Su VL Sd , (18)
where Su, Sd are diagonal matrices of signs or, using the notation of (12), θu,c,t,d,s,b = 0, pi.
One may think that for large v2/v1 ∼ O(1) the impact of α becomes important, and that the
L and R mixing matrices might be disentangled. However, a complete analysis shows that this
is not the case, because for large v2/v1 the phase α is forced to be very small to accommodate
the known quark masses. We prove this in appendix A in full generality and derive an analytic
bound on α. As a result, the mass matrices are always approximately hermitian, and the left
1There are in fact only two other possibilities, Φ ↔ Φ˜† and Φ ↔ Φ˜T , that however lead to unrealistically
related mass matrices, respectively Mu = M
†
d in the first case and Mu = M
T
d or Mu = M
∗
d in the second.
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and right mixing matrices end up being anyway very near. In practice the mixing angles vary
at most by 20% (at 95%CL) and, beside the signs, the phase differences are very small, . 0.01.
The most important consequence is the near equality of left and right mixing angles which
implies no suppression for the WR production at colliders, if WR is light enough. For this
reason the bound on its mass becomes experimentally important in view of the forthcoming
LHC, which prompted a recent detailed study [12]. They find that the bound from CP violating
amplitudes would kill any hope of seeing LR symmetry at LHC. Motivated by their claim, we
performed a complete analytical and numerical analysis which supports their findings. We
point out though that there is no limit form the electric dipole moment (EDM). In the absence
of the EDM limit the main bound, resulting from ′, is lowered to roughly MWR & 3.1 TeV.
This would still be reachable at the 14 TeV LHC, as discussed below. On the other hand, ′ is
also subject to its own theoretical uncertainties, and we leave to the reader to decide on the
relevance of such a bound.
Case of C. Via equation (9), the mass matrices are themselves symmetric, with the result
that the Left and right mixing matrices are related as
C : VR = Ku V ∗L Kd , (19)
where Ku, Kd are diagonal matrices of phases as in (13). As a first consequence, the mixing
angles are the same, and this is often called ’pseudo-manifest’ LR symmetry situation. In
addition, there are five new (physical) phases in Ku, Kd, which are unconstrained. These
phases have a direct impact on the CP-violating observables. The remarkable result is that in
the limit of these phases vanishing, the LR box diagrams become manifestly real.2 This fact
has a profound consequence on the bound for the LR scale. It means that only CP conserving
processes are relevant, and as we discuss at length below, in the K-meson system this will
give the bound MWR & 2.5 TeV. The larger bounds from  and/or ′ disappear completely.
The Bd, Bs meson systems are completely analogous, the LR contribution to CP-violation can
be set to zero. However, the situation is somehow more intriguing, since a slight discrepancy
of the SM with data was reported [19, 20] in both the Bd and Bs CP violating phases. This
discrepancy is explained very well by the contribution from the LR sector with nonzero phases,
for a preferred window of MWR which is exactly in the energy region addressed by LHC.
3 Left-Right symmetry and bounds on New Physics
The relevant bounds come from the neutral meson mixings. We review first the New Physics
(NP) contributions to the CP-conserving and CP-violating processes, and then summarize the
resulting bounds on the LR scale for the P and C cases in the relative sections.
2This was noticed first in [8], who suggested the symmetric mass matrices in the case of P with spontaneous
CP violation. In this case, the Yukawa couplings are real and symmetric and so the quark mass matrices remain
symmetric. Obviously in this case P and C become equivalent. It turns out though that spontaneous CP does
not work [18], since the second doublet in the bidoublet must be very heavy, as discussed below.
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Hamiltonians. The analysis concerns mostly the ∆F = 2 processes. The effective hamil-
tonian contains contributions from the new gauge and Higgs bosons. The gauge boson box
diagrams with only WL, mixed WL and WR, and only WR gauge boson exchanges are, respec-
tively
H∆F=2LL =
G2FM
2
WL
4pi2
∑
d,d′=d,s,b
d¯′γµPLd d¯′γµPLd
∑
i,j=c,t
λLLi λ
LL
j SLL(xi, xj) ηLL,ij (20)
H∆F=2LR =
G2FM
2
WL
4pi2
8 β
∑
d,d′=d,s,b
d¯′PLd d¯′PRd
∑
i,j=u,c,t
λLRi λ
RL
j SLR (xi, xj , β) ηLR,ij (21)
H∆F=2RR =
G2FM
2
WL
4pi2
β
∑
d,d′=d,s,b
d¯′γµPRd d¯′γµPRd
∑
i,j=c,t
λRRi λ
RR
j SRR (xi, xj , β) ηRR,ij , (22)
where λABi = V
A∗
id′ V
B
id , xi = (mi/MWL)
2, β = M2WL/M
2
WR
and we use the GIM mechanism in
the LL and RR diagrams to eliminate λu. The loop functions are then [5, 6, 55]
SLR(xi, xj , β) =
1
4
√
xixj
[
(4 + xixjβ)I1(xi, xj , β)− (1 + β)I2(xi, xj , β)
]
(23)
SLL(xi, xj) = SRR(xi, xj , 1) (24)
SRR(xi, xj , β) = fRR(xi, xj , β)− fRR(xu, xi, β)− fRR(xu, xj , β) + fRR(xu, xu, β) (25)
fRR(xi, xj , β) =
1
4
[
(4 + xixj)I2(xi, xj , β)− 8xixjI1(xi, xj , β)
]
, (26)
with
I1 =
xi lnxi
(1− xi)(1− xiβ)(xi − xj) + (i↔ j)−
β lnβ
(1− β)(1− xiβ)(1− xjβ) (27)
I2 =
x2i lnxi
(1− xi)(1− xiβ)(xi − xj) + (i↔ j)−
lnβ
(1− β)(1− xiβ)(1− xjβ) . (28)
Notice the enhancement factor of 8 in the LR contribution (19), which will play an impor-
tant role in enhancing the LR contribution in the small x limit.3
The FCNC higgs contribution to the ∆F = 2 hamiltonian has the same structure as the
one from the LR box,
H∆F=2H = −
4GF√
2M2H
∑
d,d′=d,s,b
d¯′PLd d¯′PRd
∑
i,j=u,c,t
λLRi λ
RL
j mimj . (29)
Since it is not loop-suppressed it leads to a strong bound on the mass of H, as we discuss later.
3This normalization was chosen historically for the K meson system where ∆mK was used to set the large
limit on WR. There the charm quark dominates, thus the relevance of small x.
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Summarizing, the total hamiltonian contains the contributions from the gauge and higgs
exchanges:
H∆F=2full = H∆F=2LL +H∆F=2LR +H∆F=2RR +H∆F=2H . (30)
For each physical process, it has to be renormalized at the relevant meson scale, which is accom-
plished by the factors η in equations (18)–(20). Since in most cases each loop is dominated by
a specific quark exchange (see below) we have ηKLL ≡ ηKLL,cc = 1.4 [9, 21] (while ηKLL,ct = 0.47,
ηKLL,tt = 0.57 [21]) η
Bd,s
LL ≡ η
Bd,s
LL,tt = 0.55 [22]. In the LR sector η
K
LR ≡ ηKLR,cc = 1.4 [9],
η
Bd,s
LR ≡ ηBLR,tt = 2.12 [22]. For the B mesons, we will need also the RR contributions, whose
renormalization we recalculate as ηBRR = 0.50.
4 The Higgs FCNC Hamiltonian is not renor-
malized, since its anomalous dimension is compensated by the running of the quark masses [9].
Matrix elements. The matrix elements of the above operators for the K, Bd, Bs mesons
can be computed in chiral perturbation theory and corrected by lattice calculation. The results
for the LL, RR and LR contributions are〈
M0
∣∣d¯′γµPLd d¯′γµPLd∣∣M0〉 = 〈M0 ∣∣d¯′γµPRd d¯′γµPRd∣∣M0〉 = 23f2MmMBLLM (31)〈
M0
∣∣d¯PLd′ d¯PRd′∣∣M0〉 = 12f2MmMBLRM
[(
mM
md′ +md
)2
+
1
6
]
, (32)
where M represents either K or B mesons, composed of the d and d′ quarks. For the decay
constants fM and the nonperturbative factors BLLM , we use the averages adopted by the CKM-
fitter group [20], obtained from recent determinations: fK = 0.113 GeV, fBd = 0.134 GeV,
fBs = 0.161 GeV, and BLLK = 0.721(05)(40), BLLBd = 1.17(5)(7), BLLBs = 1.23(3)(5). For the LR
operators we use the recent determinations BLRK = 0.81 [23], BLRBd = 1.15, BLRBs = 1.16 [24, 25].
In order to ease the reader’s pain and for the sake of transparency of numerical results we
collect the values of the relevant matrix elements:〈
K0
∣∣d¯γµPLs d¯γµPLs∣∣K0〉 ' 0.00304 GeV3 〈K0 ∣∣d¯PLs d¯PRs∣∣K0〉 ' 0.059 GeV3 (33)〈
Bd
∣∣d¯γµPLb d¯γµPLb∣∣Bd〉 ' 0.074 GeV3 〈Bd ∣∣d¯PLb d¯PRb∣∣Bd〉 ' 0.096 GeV3 (34)〈
Bs |s¯γµPLb s¯γµPLb|Bs
〉 ' 0.114 GeV3 〈Bs |s¯PLb s¯PRb|Bs〉 ' 0.139 GeV3. (35)
Let us recall that the na¨ıve dimensional argument breaks down in the case of the K meson
where the ratio of LR over LL matrix elements has a large chiral enhancement due to the small
mass of the strange quark (which amusingly kept going down in recent years).
4Note that here and below, for the LL and RR operators η and B are the RG invariant correction factors
(sometimes denoted ηˆ and Bˆ) while for the LR operators these are running factors, evaluated at 2 GeV or mb,
respectively for K and the B mesons.
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Allowed New Physics contributions. In order to discuss the allowed LR contributions,
it is useful to adopt the parametrization of the allowed New Physics (NP) contributions to the
K and B systems given in terms of the ratio with the SM values [26, 19, 20]:
hK =
Re
〈
K0
∣∣HLR∣∣K0〉
Re
〈
K0
∣∣HSM ∣∣K0〉 , h = Im
〈
K0
∣∣HLR∣∣K0〉
Im
〈
K0
∣∣HSM ∣∣K0〉 . (36)
hq =
〈
Bq
∣∣HLR∣∣Bq〉〈
B0q
∣∣HSM ∣∣B0q〉 , (q = d, s) (37)
Notice that hK and h are real, while hd, hs are complex.
Actually, due to the uncertain long-distance parts, it is customary to normalize hK to
the experimental value (and not to the contribution due to WL), and to require that the LR
contribution does not exceed it, regardless of the sign. We stress in fact that ∆MK will receive
a long-distance part also from the LR operators, which has so far not been estimated. We will
take thus |hK | < 1. As for K , we consider the limit |h| < 0.3 at 95% CL [19].
For the Bd and Bs mesons a slight discrepancy of the SM with data from CP-violating
processes (2.8σ) was reported [19, 20]. Therefore there seems to be space for New Physics in
the B systems, and if the discrepancy were to be confirmed, it would even be required. We
will discuss below the possibility to resolve this tension in the context of the LR model.
3.1 K: mass difference and CP violation.
The mass difference of neutral mesons is given by ∆mM = 2
∣∣〈M0∣∣H∆F=2 ∣∣M0〉∣∣, and in the
case of K, the NP contribution is dominated by the LR box diagram.
For the K meson in fact, the LR contribution has a series of enhancements with respect to
the LL one: on top of the factor of 8 mentioned above from the loop diagram, an important
enhancement is due to the non-chiral nature of the operator: the LR matrix element is larger
by a factor of ∼ 20 with respect to the LL one, as is evident from (31). Then, another
enhancement of ∼ 9 comes from the loop function. In fact for similar left and right mixing
angles, the dominant term in the sum is i, j = c, c, and for it we have SLL ∼ xc while
SLR ' xc[1 + lnxc + 1/4 ln(MWL/MWR)] ' −9xc . (38)
This turns out to be very important since the left and right mixing angles are the same in the
case of C and turn out to be very similar in the case of P.
In short, the LR box diagram for the K mass difference has a big enhancement of ∼ 1500
with respect to the LL one, resulting from the combined effect of: a factor 8 from the loop,
the large relative factor of about 20 among the matrix elements, and the factor of 9 due to the
logarithmic enhancement of the GIM, from the charm quark. For the sake of precision, let us
note that the simple LL contribution in the SM falls short of a factor of ∼ 1.5 in accounting for
the experimental value, and the missing part can be ascribed to long-distance physics involving
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u-quark intermediate states. Thus when comparing the LR contribution to the experimental
value, only a factor of ∼ 1000 remains. This enhancement is the reason of the well known large
bound on the LR scale in the original works [5].
The contribution of the WL-WR box is expressed in terms of hK by normalizing to the
experimental value ∆mexpK ,
hK ' ∆m
LR
K
∆mexpK
= − cos(θd − θs) |(VR)cd(VR)
∗
cs|
|(VL)cd(VL)∗cs|
(
2.4 TeV
MWR
)2 [
1− 0.07 ln 2.4 TeV
MWR
]
. (39)
The LR contribution can have either sign depending on the phase θd − θs ' 0, pi (or the
equivalent signs SdSs). Recalling that we can have at most |hK | ∼ 1, what we find from the
K-meson mass difference is thus the bound MWR & 2.4 TeV. In the case of P, the left and right
mixing angles are almost equal, thus the bound. True, as shown in appendix A the relevant
right angles can be somehow smaller (at most 20% at 95% CL) leading to a possible minor
reduction of the bound to 2.3 TeV, which is of very little relevance, if any. In the case of C the
angles are exactly equal and thus the bound of MWR & 2.4 TeV follows directly. Actually, in
view of the uncertainties in the long-distances parts, both LL and LR ones, we believe that
this bound should be considered in the range 2–3 TeV.
A similar discussion applies to the operators mediated by the heavy Higgs hamiltonian (27).
The process is not loop suppressed, hence the bounds on MH are higher, around 8 TeV.5
In reality both the Higgs and the WR contributions will be present at the same time (and
have the same sign, since the loop function SLR is negative for high MWR , as is the Higgs
exchange (27)). We have thus a correlated bound in the MWR–MH plane, shown in figure 1.
As one can see, at low MWR ∼ 3 TeV one can still have MH in the perturbative regime.
Weak CP violation: K . The K indirect CP violation is given by the imaginary part of
the same ∆F = 2 hamiltonian computed above, K = −eipi/4 Im
〈
K0
∣∣H∆F=2∣∣K0〉/√2∆mK .6
Let us recall that in the SM K is reproduced by the c-t and t-t terms in the hamiltonian,
while the much larger c-c term, being real, does not contribute. In the LR model, because of
the additional phases in VR, also this term can give rise to an imaginary part, and in fact the
contribution to K is dominated by the c-c and c-t ones. In terms of h we have
P : h ' Im
[
ei(θd−θs)
(
Acc +Acte−iβ cos(θc − θt)
)]
(40)
C : h ' Im
[
ei(θd−θs)
(
Acc +Act cos(θc − θt − β)
)]
, (41)
5It is worth noting the sizable c-t contribution in the Higgs-mediated process, which can in fact cancel 40%
of the total amount, for favorable phases/signs ScSt = −1. This is the choice adopted in deriving the bound.
Notice also that this cancelation does not substantially happen in the LR loop, it affects only the limit on MH .
6At the level of accuracy required here, the few percents corrections due to the phase of K decay and to
the deviation of the  phase from 45◦ are unimportant. Note that these are not significantly altered in the LR
model.
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Figure 1: Correlated limit on the heavy Higgs and WR masses from ∆mK , which excludes the
shaded green zone. The perturbativity limit on the Higgs mass is also shown in blue.
where β = − arg(VLtd) and the c-c and c-t terms can be estimated as
Acc '
[
150 + 8.2 ln
(
MWR
2.5 TeV
)](
2.5 TeV
MWR
)2
+ 84
(
15 TeV
MH
)2
(42)
Act '
[
3.8 + 1.1 ln
(
MWR
2.5 TeV
)](
2.5 TeV
MWR
)2
+ 12
(
15 TeV
MH
)2
. (43)
Since we should have at most |h| . 0.3 [19], the LR contribution to  can become too large
for generic phases.
Note also that in addition to the enhancements discussed above for ∆mK , the c-t con-
tribution has a further enhancement compared to the SM, by the different GIM realization:
whereas in the LL diagram it is suppressed by SLL ∼ xc ∝ m2c , in the LR diagram it is only
SLR ∼ √xc ∝ mc. Thus, in case the c-c contribution is real, the c-t contribution alone, which
is complex in the case of P, would set a relatively strong bound on MWR . However, the (tiny)
phase differences θd − θs between VR and VL which show up in the much larger c-c term, are
enough to cancel the c-t one.7 Thus no bound effectively emerges, both for MWR , MH and
also when both are present [12].
The case of C is much simpler, and one sees immediately from equation (38), that in the
limit of vanishing phases there is no CP violation from the LR hamiltonian. This is a general
feature of C as a LR symmetry. So the smallness of K simply boils down to the requirement
7In equation (37) one could have θd − θs = O(10−2) or θd − θs = pi + O(10−2). The optimal scenario, in
agreement with the constraints on ∆mK and with B meson mixing (see next subsection) is θd − θs = O(10−2)
and θc − θt = pi + O(10−2), so that cos(θc − θt) ' −1. This is equivalent to choosing Sd = Ss as mentioned in
the previous section, and Sc = −St.
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that the phases θd and θs are very near, θd − θs . 10−3–10−4. Possible hints toward new
physics in K (like in the interpretations recently suggested [27]) may be related to this phase
difference. In any case, no bound on MWR or MH results.
3.2 Bd and Bs: mass differences and CP violation
For the B mesons, the LR/LL enhancements are not present, because the chiral enhancement
of the matrix element is very limited (a factor of 1.5) and in addition because the dominant
loop is the one with top exchange, for which there is no large lnxc. As a result, the ratio of
LR/LL contributions is of the order of 30 from which a very modest limit of MWR & 400 GeV
results.
We further observe that in addition to the LR box, also the RR one has to be taken into
account, for the B mesons. This is again because there is no chiral enhancement of the LR
matrix element, but also because the (top-mediated) RR loop function is enhanced by the top
mass (that is actually much larger than what was thought at the time of the first studies).
This compensates the factor of 8 in the LR loop: SRR/8SLR ∼ −0.6 and, as a result, the
RR contribution is roughly one half of the LR one. It also has the opposite sign, offering a
partial cancelation. Finally, because in the RR term only VR mixing matrices appear, the RR
contribution leads also to a modification of CP-violation.
Collecting together the LR and RR boxes we can approximate the overall NP effect as
hd ' 33.2β
(
8
SLR(xt, xt, β)
SLL(xt, xt)
rd +
SRR(xt, xt, β)
SLL(xt, xt)
r2d
)
, (44)
hs ' 33.9β
(
8
SLR(xt, xt, β)
SLL(xt, xt)
rs +
SRR(xt, xt, β)
SLL(xt, xt)
r2s
)
, (45)
where rq = −(VR)tq(VR)∗tb/(VL)tq(VL)∗tb.
Ignoring first their phases, we have rq ' ±1, and we can approximate hd and hs as
|hd| '
∆mLRBd
∆mexpBd
'
(
0.46 TeV
MWR
)2 [
1− 0.60 ln 0.45 TeV
MWR
]
(46)
|hs| '
∆mLRBs
∆mexpBs
'
(
0.47 TeV
MWR
)2 [
1− 0.50 ln 0.47 TeV
MWR
]
. (47)
Therefore at first glance the B mesons have a minor role in setting the bound on the LR scale.
The allowed magnitude of NP correction to the SM has become tighter for the B system, due
to increased statistics in experiments and precision in the lattice evaluation of matrix elements,
and currently the PDG sets a limit of 20% for NP contributions [28], which would result in
the mild bounds MWR & 1.9 TeV, and MH & 13 TeV.8 However, this seems to be at variance
with more recent global CKM analyses versus the B data [19, 20], as we recalled above. The
8These bounds are somewhat weaker than the ones reported in [12]; this is due to a seemingly discrepant
factor of 2 in their B-mesons matrix elements, for the chosen values of BBd,s , fBd,s .
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Figure 2: CP violation in the Bd, Bs sectors in the LR model with C. Here ∆q = 1 + hq, for
q = d, s, so that hq is relative to the SM point. The figure shows the allowed/preferred New-
Physics contributions from unitary triangle fits (yellow and green zones) with the expected
contributions in the LR model (black arrows). Right: exclusion plot for MWR (lower, blue) or
MH (upper, red), versus the only relevant free phase, θb − θd ' θb − θs. The 2.8σ discrepancy
of the SM can be resolved for a range of MWR = 0.5–2 TeV or for MH = 9–18 TeV (95% CL).
situation is also intriguing since both the Bd and Bs systems allow for large NP contribution,
for definite nonzero ranges of CP phases. We thus discuss below together the mass difference
and CP violation in the B-meson systems.
Weak CP violation: the B sector. The complex ratios of New Physics to SM hd, hs
depend on the Right phases and mixing angles through rq = −(VR)tq(VR)∗tb/(VL)tq(VL)∗tb, but
in view of the similarity of L and R mixing angles, these amount almost only to phases:
rd ' −ei(θd−θb+φ) , rs ' −ei(θs−θb) , (48)
where φ = arg[(VR)td/(VL)td]. The differences between the P and C cases are entirely encoded
in these quantities.
Indeed for P we have θd,s,b ' 0, pi (the signs in equation (??)) and φ ' 0, so that rd, rs are
both real to a good approximation. Therefore also hd and hs are real, and it is immediately
clear from figure 2 that they can only worsen the tension of the SM.
For C instead recall that from the smallness of K we had to fix θs ' θd + 0, pi, therefore we
only have one free phase, θb − θd. Also, φ is fixed to be φ ' −2 arg[(VL)td] = 2β ' 44◦, here
taken at its central value. Therefore, rd and rs have correlated phases with a small separation.
Then, it turns out that also hd, hs point roughly in the same region, and can lead to a better
agreement with present data. We stress that this is a prediction of the LR model with C,
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once the constraint on K is satisfied. As an example in the left plot in figure 2 we show a
favorable configuration of hd, hs pointing toward the allowed zones (using MWR ' 3 TeV and
MH ' 15 TeV).9
Considering the WR contribution alone, it is clear that for this to happen MWR can not be
too high, so that in addition to a lower bound an upper bound appears. The analysis of the
combined goodness of fit for Bd and Bs leads to the right plot in figure 2, where we show the
preferred zones as a function of MWR and the free phase θb−θd. We thus find MR = 0.7–2 TeV,
where the LR contribution reduces the disagreement from 2.8σ to at most 2σ, and a smaller
region where the agreement can drop below 1.5σ. A similar conclusion can be drawn regarding
the contributions from the heavy FC Higgs alone (in the same plot) which results in the range
9–18 TeV.
In reality, the simultaneous contribution of WR and H has to be considered, and this leads
to a correlated bound on their masses, that we display in figure 3. From this analysis we find
that the region where the discrepancy is resolved extends down to scales reachable at LHC.
Also, the heavy Higgs is bound to be mostly in the perturbative regime, since we already know
from K-oscillations that MWR > 2.5 TeV. In this respect, we observe that while the limit of
infinitely heavy Higgs H is not admissible because of perturbativity, at the other end one may
decouple WR and keep H at low scale (MH ∼ 9–20 TeV). However, this goes in the direction
of a 2HDM rather than a Left-Right symmetric model. As a result, the most interesting zone
is for low WR and not too high H. In this region the B-mesons CP-violation discrepancies
are resolved nicely and WR is in the LHC range. Recently, another tension with the SM
emerged from the D0 data on dimuon semileptonic anomaly at the level of 3σ [29]. It is worth
investigating whether the minimal LR theory can account for it.
In conclusion, the B-mesons system do not lead to any new limits on the WR or heavy
Higgs scales. On the contrary their presence can play a positive role in explaining the present
mild discrepancy of the SM with data.
3.3 Weak CP violation: ′.
The ‘direct’ CP violation in ∆S = 1 processes is measured by
′ =
i√
2
ω
(
ImA2
ReA2
− ImA0
ReA0
)
q
p
ei(δ2−δ0), (49)
where p, q are the K0, K0 mixing parameters, A0, A2 are the decay amplitudes of K → 2pi
in I = 0, 2 isospin states, and ω ≡ A2/A0. The ratio p/q ' 1 with an excellent ap-
proximation. The amplitudes AI are defined from the ∆S = 1 effective Hamiltonian as
〈(2pi)I |(−I)H∆S=1|K0〉 = AIeiδI , where δI are the strong phase of pipi scattering.
9The smallness of hs, hd ensures that the better known ratio ∆mBd/∆mBs is also not spoiled.
16
Pe
rtu
rba
tiv
ity
lim
it
1.5Σ
1.5Σ
2Σ
2Σ
1 2 3 4 5 6
10
15
20
25
30
MWR @TeVD
M
H
@T
eV
D
Figure 3: ∆m and CP violation for Bd, Bs, and the LR model with C. The simultaneous
contribution of WR and H leads to the preferred region shown in white in the MWR–MH
plane.
In the SM ′ is due to both QCD and QED penguin diagrams [30] which have opposite signs
so that the prediction for the net effect is plagued by uncertainties in the relevant hadronic
matrix elements. One can still use this parameter to obtain a bound on the right-handed scale,
keeping in mind that a discrete cancelation with the SM might take place.
In the LRSM there are tree-level contributions to the ∆S = 1 amplitude, and CP viola-
tion is given by phases in VR as well as by the phase α in the WL-WR mixing, tan ζ eiα =
eiα(M2WL/M
2
WR
)2x/(1 + x2). The Hamiltonian due to the tree-level exchange of left and right
gauge bosons can be written as [9, 31]10
H∆S=1 =
√
2GFλLLu
( αS(µ2)
αS(M2WL)
)− 2
b
OLL+ (µ) +
(
αS(µ2)
αS(M2WL)
) 4
b
OLL− (µ)
 (50)
+
√
2GF
M2WL
M2WR
λRRu
( αS(µ2)
αS(M2WR)
)− 2
b
ORR+ (µ) +
(
αS(µ2)
αS(M2WR)
) 4
b
ORR− (µ)

+ 2
√
2GF sin ζ λLRu e
iα
( αS(µ2)
αS(M2WL)
) 8
b
OLR− (µ) +
(
αS(µ2)
αS(M2WL)
)− 1
b
OLR+ (µ)

+ 2
√
2GF sin ζ λRLu e
−iα
( αS(µ2)
αS(M2WL)
) 8
b
ORL− (µ) +
(
αS(µ2)
αS(M2WL)
)− 1
b
ORL+ (µ)
 .
10The tree-level contribution to ′ from the heavy Higgs are negligible [9] being suppressed by two Yukawa
entries and the large MH scale. Also, penguins involving WR are suppressed by the loop factor.
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Here as before, λABu = V
A∗
ud V
B
us. The renormalization through each intermediate scale has
b = 11− 2Nf/3 with Nf active quark flavors. The four quark operators are
OLL,RR± = d¯γ
µPL,Ruu¯γµPL,Rs± d¯γµPL,Rsu¯γµPL,Ru
OLR,RL+ = d¯γ
µPL,Ruu¯γµPR,Ls+
2
3
d¯γµPR,Lsu¯γµPL,Ru
OLR,RL− =
2
3
d¯γµPR,Lsu¯γµPL,Ru (51)
whose matrix elements are estimated at µ = 1 GeV as [31],
〈(2pi)I=0|OLL,RR+ |K0〉 = ±
X
3
√
3
, 〈(2pi)I=0|OLR,RL+ |K0〉 = ±
4X
9
√
3
〈(2pi)I=2|OLL,RR+ |K0〉 = ±
2
√
2X
3
√
3
, 〈(2pi)I=2|OLR,RL+ |K0〉 = ±
2
√
2X
9
√
3
〈(2pi)I=0|OLL,RR− |K0〉 = ±
X
2
√
3
, 〈(2pi)I=0|OLR,RL− |K0〉 = ∓
1√
3
(
X
18
+
Y
2
+
Z
6
)
〈(2pi)I=2|OLL,RR− |K0〉 = 0 , 〈(2pi)I=2|OLR,RL− |K0〉 = ∓
√
2
6
√
3
(
X
6
− Z
)
, (52)
where X, Y and Z are
X ≡ −〈pi−|d¯γµγ5u|0〉〈pi+|u¯γµs|K0〉 = i
√
2fpi(m2K −m2pi) ' 0.03iGeV3
Y ≡ −〈pi+pi−|u¯u|0〉〈0|d¯γ5s|K0〉 = i
√
2fKA2(1− m
2
K
m2σ
)−2 ' 0.273iGeV3
Z ≡ −〈pi−|d¯γ5u|0〉〈pi+|u¯s|K0〉 = i
√
2fpiA2(1− m
2
pi
m2σ
)−2 ' 0.18iGeV3 (53)
with A ≡ m2K/(ms +md), and fpi,K the decay constants for pi and K.
It is again useful to discuss separately the bounds on MWR in the cases of P and C.
Case of P From (47) it is clear that H∆S=1 is a function of MR, α and x = v1/v2. In [12]
the values of α ∼ 0.1 and x ∼ mb/(2mt) were found to satisfy the nEDM constraints, so that
H∆S=1 is a function of MR only. Using the experimental values of ReA0 and ReA2 in (46) it
is therefore possible to plot ′ as function of MWR . As in [12], assuming all Sq = 1, and require
that ′ does not exceed the experimental value, we find MWR > 4.2 TeV. On the other hand,
for different choice of signs, in particular setting Su = −1, which is allowed once one ignores the
nEDM constraints (see next section) it is possible to reduce the lower limit to MWR > 3.1 TeV.
Case of C As before with , the free phases can be chosen as to make ′ vanish. In par-
ticular, the RR contribution is small because θd and θs have to be near. The remaining two
contributions have the oposite sign and their sum is proportional to sin(α + θu). As a result,
no bound on WR, H masses emerges.
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3.4 EDM and the strong CP problem
At first glance, due to the required smallness of the strong CP phase θ¯, one would think that
this could be the source of the best limit on the LR scale. The situation is rather subtle
though, and in general no bound comes out, because one can always fine tune. As we all know,
the electric dipole moment of the neutron sets an upper bound θ¯ . 10−10 and this normally
implies a strong bound on CP-violating phases. The crucial point is that this does not apply
to the KM phase δ of the SM since the perturbative contribution to the θ¯ appears only at the
three-loop level and is negligibly small [32, 33]. There is an important question then, as to
why the original strong CP parameter θ is so small, but that is not a problem: once chosen
small it stays small in the SM. In other words, in the SM weak CP plays effectively no role for
the strong CP.
The situation is completely different for the other phases, for they enter directly in the
strong CP phase at the tree level. The nice features of the small perturbative contribution
to θ¯ from the weak phase is lost in these models as typical of beyond the SM physics. One
is forced to fine tune the resulting phase against the original QCD angle. This may not be
appealing but is phenomenologically correct, before one has a theory of the strong CP phase.
In short, one can not put limits on the LR scale from the EDM, unless one forbids fine tuning.
This however should be considered as a theoretical rather than a phenomenological limit, and
it becomes a matter of taste whether one sticks to it or not.
Here we disagree with [12, 13] in the case of P. After using α to make  small, they argue
that EDM then forces WR to be heavier than about 10 TeV. The trouble is that the large α
enters into the overall θ¯ which then has to be fine tuned anyway. Clearly one can and should
perform the fine tuning at the end of the day as to make the total contribution to the EDM
small. In other words, both  and EDM can be made small by a judicious choice of α and θ.
What remains is the limit from ′ which can not be rotated away.
The question is what happens if one refuses to fine tune the physically separate contri-
butions from the strong and weak sectors. In that case, one must opt for hermitian quark
matrices, or manifest LR symmetry, i.e. vanishing α (or at least smaller than 10−10). In that
case, it is  that sets a huge limit on WR mass, MWR > 15 TeV [12].
In the case of C, one does not have that option and one must fine tune the strong CP
parameter. Notice that this can be done by exploiting the “up” phases, without spoiling the
weak-CP-violating observables, where only the “down” phases enter. The precise amount of
fine-tuning is worth investigating, but is beyond the scope of this work.
3.5 Summary of bounds
We summarize here the limits from both CP-conserving and CP-violating observables, sepa-
rately in the two cases of LR symmetry, P or C.
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Case of P
MWR [TeV] MH [TeV]
∆mK 2.3 7.7
∆mBd 1.9 13
∆mBs 1.8 12
CP in Bd,s × ×
K − −
′ 3.1 (4) −
nEDM − (8) − (25)
The limits from nEDM in parentheses are not really valid since they assume θ¯ = 0. The cross
× refers to the impossibility to resolve the current 3σ tension of the SM with data in Bd,s CP
violation.
Case of C
MWR [TeV] MH [TeV]
∆mK 2.5 7.7
∆m and CP in Bd,s 0.5 6
K , 
′, nEDM − −
Best point 2.8 15
The best point in the last row refers to a good scenario where the LR symmetry as C can satisfy
all bounds described above, can resolve the present tension of the SM with B CP violation,
and is detectable at LHC.
4 Experimental Signatures
It is good to recall the main motivations for studying LR symmetry. The main of course is
the LR symmetry itself whose origin has attracted physicists ever since the discovery of parity
violation. An other important motivation is the naturalness of the seesaw mechanism [34]
which in this theory takes a particularly appealing form: the smallness of neutrino masses is
linked to the breakdown of LR symmetry at the scale MR  MW . If MR is to be accessible
at the colliders, then the Yukawa Dirac couplings must be small, which is of course a natural
possibility, protected by chiral symmetry. Furthermore, small Yukawa couplings are already
one of the most striking features of the SM. Still, it is always possible to imagine large Dirac
Yukawa couplings which then miraculously cancel in order to provide small neutrino masses.
We will clearly not adhere to this possibility that destroys the beauty of the seesaw mechanism
and one of the main motivations for this work. We thus stick to the seesaw scenario, with
small Yukawa Dirac couplings and RH neutrino masses relevant for LHC.
We describe below the experimental signatures that are expected in this scenario, starting
from the most compelling case of direct detection of the WR at LHC via Lepton Number
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Violation (LNV). We then briefly describe the possible contributions of the LR model to
neutrinoless double beta decay (0νββ) and Lepton Flavour Violation (LFV).
4.1 Collider
The low-scale WR will be effectively produced at LHC through Drell-Yan process as in figure 4.
WR
νR
"−
"−
j
j
WR
u
d¯
Figure 4: WR production and decay through νR.
Once the right-handed gauge boson is produced, it will decay into jets or into a right-handed
neutrino and a charged lepton. The right-handed neutrino in turn decays again through the
WR, and being a Majorana particle, decays equally often into a charged lepton or anti-lepton,
plus jets. One has then the exciting events of same-sign lepton pairs and two jets, as a clear
signature of lepton number violation. This is a collider analog of neutrino-less double beta
decay, and it offers
a) the direct test of LR parity restoration through a discovery of WR,
b) the direct test of lepton number violation through a Majorana nature of νR,
c) the determination of WR and νR (invariant) masses.
LHC reach. The lepton-number violating character of the process makes it the golden channel
for the discovery of WR and νR, as envisaged in [16]. Indeed the background for this process,
mainly coming from tt¯ events, is practically absent beyond the TeV energy when one selects
same sign dileptons. At the same time the invariant mass of the hardest jets plus one or two
leptons, allows for a clean determination of the νR and WR masses. See figure 5.
Detailed studies conclude an easy probe of WR up to 4(2) TeV and νR in 100 MeV–2(1) TeV
for a collision energy of 14(7) TeV and an integrated luminosity of 30 fb−1 at Atlas [35] and
CMS [36]. This is interesting since as we showed above, by defining LR symmetry as C the
freedom in the additional phases leaves only the CP-conserving bound from ∆mK , effectively
around MWR ' 2.5 TeV.
The LHC reach is obviously affected by the beam energy, but due to the lepton-number-
violation, it is not much affected by the integrated luminosity, at least for lower scale MWR .
In fact in the lucky scenario of MWR ' 2.5 TeV and MνR ' 0.5 TeV the WR could well be
discovered as soon as after a few months of running at low luminosity, i.e. 200–300 pb−1 [36, 37].
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Figure 5: Selected events for `±`±jj (left) and `±`± (right) as a function of the invariant mass
(100 GeV bins) for L = 8 fb−1 and Ec.o.m. = 14 TeV. The tt¯ background is the foremost (red)
distribution. Here MWR [TeV] is taken to be: 2.0; 2.4; 2.6; 3.0; 3.4 and MνR = 1 TeV. In the
left plot the invariant mass of the WR is reconstructed nicely and the process has virtually
zero background above 1.5 TeV. A similar plot, of the invariant mass of the second-hardest
lepton plus the two jets, yields the invariant mass of νR. In the right plot the invariant mass of
same-sign dileptons can give a high event count with low background, before the actual peak
discovery (Events generated with Pythia 6.4, Tauola; PGS detector; standard tt¯ cuts).
In this respect it is also interesting to note that by considering just the dileptons (same
sign or not) although one lacks the WR peak in their invariant mass, the signal/background
ratio is favorable even for very low luminosities. This is evident from the right plot of figure 5.
The dilepton invariant mass is thus efficient as an early search strategy.
Displaced Vertex. The scenario of low RH neutrino, with mass in the range MνR ∼ 5–100 GeV is
also interesting, since the RH neutrino lifetime becomes longer, possibly leading to a displaced
vertex. For instance τνR & 1.5 cm for MνR . 10 GeV (assuming MWR = 3 TeV). One would
thus have a quite unmistakable signal of a displaced vertex with two (typically merged) jets
and a nearby lepton, same sign with an other (circa opposite) lepton. A detailed study of
this signature, beyond the scope of this work, is still missing. We point out that this scenario
of low νR implies very small Yukawa couplings to have realistic neutrino masses (and barring
cancelations as mentioned above) and thus the Yukawa decay channel is much more suppressed.
Flavor structure. The process just described of Drell-Yan WR production and νR decay is
free from Yukawa couplings, and directly probes the Majorana mass of RH neutrinos. The
observation of the RH neutrino peak and possibly of different peaks related to the three νR
mass eigenstates, together with the different flavor channels ee, µµ, eµ, etc., will thus allow
a direct measure of the RH (and LH) neutrino Majorana mass matrix. This may then be
put into correspondence with Lepton Flavor Violations (see later). A realistic analysis of the
detection possibilities in the different channels would require an update of the Montecarlo event
generators, which currently include only a flavor-universal implementation of the LR model.
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Other processes. In addition to the most promising striking signature of lepton violation
via the WR Drell-Yan production described above, other processes characteristic of the LR
model are possible, involving the doubly charged higgses ∆±±L,R, or the Dirac neutrino mass
matrices. They have been studied extensively in the literature and we describe them briefly.
Ordinary Drell-Yan. It is worth noting that the same signatures can be studied in the SM
with νR produced by an ordinary WL [38], but its observation requires large Dirac Yukawa
couplings and their miraculous cancellations in order to keep neutrino masses small. When
a protection symmetry is called for, one ends up effectively with lepton number conservation
and the phenomenon disappears [39].
Doubly charged Higgses. The L − R theory possesses naturally also type II seesaw [17].
The type II offers another potentially interesting signature: pair production of doubly charged
Higgses which decay into same sign lepton (anti lepton) pairs [40]. This can serve as a de-
termination of the neutrino mass matrix in the case when type I is not present or very small
[41], but in any case directly probes the flavour structure of the neutrino Majorana mass ma-
trices.11 One possibility in this direction is the Drell-Yan production of Z/ZR, decaying into
a couple of opposite-sign ∆±±∆∓∓, which in turn decay into two pairs of same-sign leptons.
Each couple of same-sign leptons has a wide separation (almost back-to-back) and the event
is thus very striking. The double production of ∆ limits the probe to at most m∆ ∼ 0.8-
1 TeV [42, 43, 41, 40, 44] (m∆ ∼ 1-1.5 TeV only for low lying ZR) but if observed these events
can probe the ZR-mass quite cleanly (in addition to the standard channels like dileptons with
a high invariant mass). An other possibility is production of a single ∆±±L,R via the fusion of
either WL or WR [42]. The ∆±±L,R then decays again into a clean same-sign dilepton. While
the production of ∆L is suppressed by its small VEV 〈∆L〉, on the other hand the large VEV
〈∆R〉 ∼ vR makes the production of ∆±±R interesting, even though as any fusion processes the
available energy is limited to ∼ 1 TeV. If observed, this process would directly give information
on the neutrino Majorana mass matrix.
4.2 Neutrinoless double beta decay
The neutrinoless double beta decay (0νββ) receives new contributions in the LR model due
to the exchange of one or two WR, in place of WL, and there are thus three contributions
which can be called LL, LR, RR. In the seesaw picture that we are pursuing, with generic
Yukawa Dirac couplings (no cancelations) the LR contribution is easily shown to be negligible
compared to the RR one. Whereas the LL contribution is proportional to the light neutrino
mass matrix, the RR one is proportional to the inverse of the heavy neutrino mass matrix (as
long as they are heavier than the exchange momentum around ∼ 100 MeV)
LL ∝ [Mν ]ee , RR ∝
[
M−1νR
]
ee
(54)
11It is worth commenting that the minimal supersymmetric left-right symmetric model [45] predicts doubly
charged scalars at the collider energies [45, 46, 47] even for large scale of left-right symmetry breaking.
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A priori there is no connection between the two mass matrices, so one can not make any
predictions for RR. The only hope is the probe of the flavour structure of MνR at LHC, along
the lines discussed above. This requires some ’luck’ since all three heavy neutrinos should be
in the accessible range, and all the flavour channels should be observable.
It is noteworthy that the scenario of low LR scale to be observable at LHC considered here
is consistent with observable RR contributions to 0νββ decay. It can in fact be shown that for
the RH scale in the TeV region, the RR contribution is as large as the LL one generated by
Mν of the order of 1 eV. More precisely,[(
MνR
TeV
)−1]
ee
( TeV
MWR
)4 ←→ [ Mν
0.4 eV
]
ee
. (55)
For instance, a positive evidence in the current probes for 0νββ below the eV could be ac-
counted by a contribution from the LR model with e.g. MWR ' 3 TeV and RH neutrino mass
of the order of 10 GeV (ignoring the mixings). This could lead to a displaced vertex at LHC
as discussed above.
Also the exchange of doubly charged Higgs fields ∆−−L,R gives rise to 0νββ processes. As-
suming again no cancellations, the process mediated by ∆L is negligible, since it is suppressed
as p2/M2∆ with respect to the LL one. The ∆R-induced contribution depends clearly on the
mass ratio MνR divided by M
2
∆, which on the other hand may even dominate over all other
contributions. A detailed analysis is necessary and is now underway [48].
4.3 Lepton flavor violation
There is a number of sources of lepton flavour violation (LFV) in the LR theory, through the
exchanges of WR and νR and ∆L, ∆R.
The most sensitive process appears to be µ → 3e which is induced at tree level through
the doubly charged ∆−−L,R. This is controlled by its Yukawa coupling to fermions which in turn
is proportional to the heavy neutrino mass matrix, y∆ = gMνR/MWR . Again, the observation
at LHC of its flavour structure would allow for the test of the theory, in case the ∆’s are light
enough.
An important role in restricting the parameter space of the theory is played by the µ→ eγ
process and the µ→ e conversion in nuclei, whose sensitivity is planned to be improved by four
to six orders of magnitude [49, 50]. In this case one could even probe leptonic CP violation,
as argued in [52]. All this requires a careful quantitative analysis [48] along the lines of [53].
5 Conclusions and Outlook
LR symmetric theories have been for some decades one of the principal beyond the SM theories.
They cure in a very elegant manner the chiral asymmetry of the standard model, and as such
offer a possibility of seeing directly the restoration of parity. They also lead naturally to the
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seesaw-mechanism, which has become a paradigm for understanding the smallness of neutrino
masses. If the scale of LR symmetry is low enough one would also see directly the violation of
lepton number in colliders and thus probe the Majorana nature of neutrino mass. The exchange
of right-handed neutrinos and gauge bosons can also dominate neutrino-less double-beta decay,
an other important lepton-number violating process. For these reasons, the importance of the
limit on the LR scale can not be overemphasized.
While in generic models this scale can be as low as 300 GeV, in the minimal theories there
is a strong limit from K-meson physics. We revisited this important issues, studied at lengths
for almost three decades. In this work we provided for the first time a complete study of the
left and right mixing angles, essential for deriving a real bound on the LR scale. The essence
of what we have learned is that the LR scale is allowed to be as small as 2–3 TeV, as long as
charge conjugation plays the role of a fundamental LR symmetry imposed on the Lagrangian.
In this case, there is no limit from CP-violating observables, and one must only make sure
that the neutral meson mass differences are in accord with experiment. The CP violation
can potentially lead to somewhat more stringent bounds. This affects the case of P as a LR
symmetry, where one is hit by the bounds from the CP violating parameters  and/or ′. One
can fine-tune one of them and ideally one should do it for  since ′ is subject to considerable
uncertainties. This is what is done by [12] which finally obtains a large limit of MWR & 4 TeV.
There is also nEDM to be taken into consideration. However this is obscured by the strong
CP parameter θ¯ and therefore no phenomenological limits can be put on this ground. If one
refuses such a fine tuning one can obtain a huge limit on the LR scale of the order of 10 TeV
which would make it completely outside the LHC reach. Alternatively, one can use the phase
freedom to fine tune separately θ¯ and the weak contribution to nEDM can be made small by
constraining the CP phases. This is what is done in reference [12], which then results in the
above quoted limit from ′. Avoiding this procedure and fine tuning the overall nEDM one
can lower this limit to MWR & 3 TeV. In other words, on phenomenological grounds, even in
the case of P one can have LR symmetry accessible at LHC. This is one of our central results.
What about nEDM in the case of C? As we discussed above, one has sufficiently many phases
to make it small, without setting any limit on the LR scale.
We analyzed carefully also the bounds from oscillations and CP violation in the Bd, Bs
sector. Here, the stringent limits and the current mild (3σ) discrepancy of the SM with data
poses a tough challenge to the models. While the case of P can not generate the right CP
violation, we find that in the case of C not only there are enough phases to account for the
observed CP violation, but the model predicts also the right correlated phases of Bd and Bs.
This works nicely for WR accessible at LHC and the heavy H in the perturbative regime.
In summary, charge conjugation, an appealing gauged LR symmetry, automatically present
in the SO(10) grand unified theory, allows the right-handed charged gauge boson WR to weigh
as little as about 2–3 TeV when all the uncertainties are taken account, corresponding to about
3.5–5 TeV for the new neutral gauge boson ZR. This could even offer an opportunity for the
discovery of both charged and neutral gauge bosons at LHC, with their spectacular signatures
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of direct lepton-number violation. Although the theory can not predict this scale, we believe
that in view of the importance of possible parity restoration and lepton number violation, the
search for LR symmetry should be one of the priorities at LHC.
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A Quark mixing matrices: Case of P
As shown in (17), in the case of P as LR symmetry, the Yukawa couplings are hermitian,
and thus the hermiticity of quark mass matrices depends crucially on the complexity of the
bi-doublet vevs. If the vevs are real, the matrices are hermitian therefore left and right mixing
angles are exactly the same. This is normally called ’manifest LR symmetry’. Our study below
shows that the LR symmetry in the P case ends up being quite manifest: the deviations are
rather small.
This follows from the result that even for large x ∼ O(1), the ’spontaneous’ phase α is small,
eiα ' −1. Therefore either because of x  1 or eiα ' −1, mass matrices are approximately
hermitean. This can be understood analytically in the general case, i.e. without assuming
small x = v2/v1, by applying the Gershgorin theorem on complex matrices, to the mass matrix
of ‘up’ quarks.
The spontaneous phase. We start by redefining equation (9) by multiplying Md by e−iα,
and for simplicity we introduce Yu,d = Mu,d/v:
Yu = c Y + s e−iα Y˜ , Yd = s Y + c e−iα Y˜ (56)
We choose to work in a basis where Y is diagonal, Y = diag{Y1, Y2, Y3}, and we can take
Y3 > 0 (by an overall sign) and also Y˜33 > 0 (by shifting α). Of course, all Yi, Y˜ii are real. Two
of the off-diagonal elements of Y˜ can be chosen real by a phase multiplication, which does not
affect the mixing matrices.
Next, from the unitary bidiagonalization of both Yu or Yd, we know that all elements are
smaller than the sum of the eigenvalues, i.e.
|Yu ij | ≤ λt + λc + λu ' λt (57)
|Yd ij | ≤ λb + λs + λd ' λb , (58)
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where λu,c,t and λd,s,b denote the eigenvalues of Yu and Yd. These conditions become:
c|Y˜ij | ≤ λb for i 6= j, (59)
|sY3 + cY˜33e−iα| ≤ λb for i = j = 3, (60)
|cY3 + sY˜33e−iα| ≤ λt for i = j = 3. (61)
Since the off-diagonal elements of Yu and Yd are related, the first of these equations implies that
also the off-diagonal elements of Yu are small, in particular for i 6= j we have Yu ij < xλb < λb.
Now, we can assume Yu33 > Yu22, Yu11 (this is possible without loss of generality, by rear-
ranging Yu ii with a transformation of both matrices Yu,d) and we see that Yu 33 has to be close
to λt. In turn, Yu11 and Yu22 have to be smaller than λb, otherwise ’charm’ and ’up’ would end
up being too heavy.
Now we apply the Gershgorin theorem [54] to the matrix Yu. This theorem states that the
eigenvalues of any complex matrix (here 3×3) lie, in the complex plane, inside the union of the
three Gershgorin circles; these are built by taking the diagonal elements as their centers and
the absolute value of the sum of nondiagonal elements in the relative column as their radii. In
our case, according to the previous discussion, we have for the centers Cu i and the radii Ru i:
Cu 1 = Yu11 < λb , Ru 1 = s(|Y˜21 + Y˜31|) < 2xλb < 2λb (62)
Cu 2 = Yu22 < λb , Ru 2 = s(|Y˜12 + Y˜32|) < 2xλb < 2λb (63)
Cu 3 = Yu33 , Ru 3 = s(|Y˜13 + Y˜23|) < 2xλb < 2λb. (64)
From these estimates we see that circles 1 or 2 can not touch the third (curiously because
7λb < λt) and thus λt lies certainly inside the third circle, which amounts to the condition
|λt − Yu33| < Ru 3 . (65)
Combining this inequality with eq. (57) we have, collecting also (56):
λt − 2xλb ≤ |cY3 + sY˜33e−iα| < λt (66)
|sY3 + cY˜33e−iα| < λb . (67)
These limits show that to have small λb, either xY3 and Y˜33 are small or there is a cancelation
due to eiα ' −1. The first situation is realized for small x, the second has to be realized for
larger x.
In fact, from the ratio of the two equations |cY3 +sY˜33 e−iα| > λt−2xλb, |sY3 +cY˜33 e−iα| <
λb, we have ∣∣∣∣ x+ z e−iα1 + xz e−iα
∣∣∣∣ < 1− 2x '  (68)
where  = λb/λt ' 1/30. and z = Y˜33/Y3. By allowing z to vary, we find a bound on cosα as
a function of x only:
cosα <
√
(2 − 1/x)(2 − x)
1− 2 '
√
1− 2x2 − 2/x2 (69)
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The following plot shows the range of allowed α, for x > λb/λt:
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As one can see, as x becomes larger than λb/λt, the phase α rapidly points in the direction of
pi, so that eiα becomes real and the mass matrices are approximately hermitian. The reason
why eiα ' −1 can be understood in the base we have chosen: the same positive elements Y˜33
and Y3 have to give λt in Yu but have to interfere destructively in Yd to produce λb. This
requires the phase to be negative to a good approximation.12
Summarizing, on one hand for small x < λb/λt the phase α is relatively or totally free, but
its role for the non-hermiticity of mass matrices is suppressed; on the other, for larger x it is
the phase that vanishes. More precisely, with our conventions α ' pi. As a result, the up and
down mass matrices are always almost hermitian and the mixing matrices are approximately
equal.
Angles and phases. It is still important to assess the extent to which the right angles can be
different from the left ones, because they directly govern the LR contribution to neutral meson
mixing and CP violation, and thus to the bound on the LR scale. To this aim, a numerical
study of the allowed VR is most suited, taking into account the present uncertainties on the
known quark masses and mixings.
First of all, as a function of 0 < x < 1 we performed a least-squares fit of the known
experimental values (of masses, left mixing angles and CP violating phase). The procedure
confirms that the phase eiα is constrained to be near −1 for x > λb/λt (see figure 6).
We then performed the same fit by demanding also that the Right angles be as different
as possible. The deviation of the angles of VR from the VL ones is shown in figure 7. As one
can see the allowed deviation is quite limited and the left and right angles are similar for any
value of x.
In the important case of the ’right’ Cabibbo angle θ12R we see that it can be deviated at
most by 25% by stretching masses and angles by 2σ (mainly ms has to be reduced and the
Dirac CP phase increased). Thus the bound from ∆mK is not reduced appreciably.
Regarding the phases in VR, as discussed above in the case of P we have only two free
complex phases, the spontaneous phase α and a phase of one of the off-diagonal elements of Y˜ .
12We also point out that in the limit x → 1 the mass matrices Mu and Md tend to be equal, therefore the
Yukawa matrices Y and Y˜ hit the perturbativity limit ∼ 3 around x ∼ 0.8.
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Figure 6: χ2 in the LR model with P, as a function of the ratio of VEVs x = v2/v1 and
spontaneous phase α.
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Figure 7: Allowed VR angles in the LR model with P, as a function of the ratio of VEVs x.
The shaded zones corresponds to masses and mixing angles deviated at most by 1σ and 2σ.
All the other phases are determined by these two free parameters. In particular, when δCKM
is fixed, this leaves only one phase to play with. Therefore all phases are correlated. One finds
numerically that θd − θs can be adjusted so as to satisfy the K bound. However, once this
is done, the phase mod(θb − θs, pi) is also small (order few %) and cannot be moved so as to
explain the CP phase in the Bs system (see figure 2).
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